Although foamy viruses (FVs) are endemic among nonhuman primates, FV infection among humans is rare. Recently, simian foamy virus (SFV) infection was reported in 4 of 231 individuals occupationally exposed to primates (1.8%). Secondary transmission to spouses has not been seen, suggesting that while FV is readily zoonotic, humans may represent dead-end hosts. Among different simian species, SFV demonstrates significant sequence diversity within the U3 region of the long terminal repeat (LTR) and 3 accessory open reading frames (ORFs). To examine if persistent human SFV infection and apparent lack of secondary transmission are associated with genetic adaptations in FV regulatory regions, we conducted sequence analysis of the LTR, internal promoter, ORF-1, and ORF-2 on a tissue culture isolate and peripheral blood mononuclear cell samples from a human infected with SFV of African green monkey origin (SFV-3). Compared to the prototype SFV-3 sequence, the LTR, internal promoter, and FV transactivator (ORF-1) showed sequence conservation, suggesting that FV zoonosis is not dependent on host-specific adaptation to these transcriptionally important regions. However, ORF-2 contains a number of deleterious mutations predicted to result in premature termination of protein synthesis. ORF-2 codes in part for the 60-kDa Bet fusion protein, proposed to be involved in the establishment of persistent cellular SFV infections. These results suggest that persistent human infection by SFV and reduced transmissibility may be influenced by the absence of a functional ORF-2.
Foamy viruses (FVs) (Spumavirinae) represent a unique genus of retrovirus, endemic in a number of mammalian species, including nonhuman primates, cats, rodents, and cows (20, 25, 36) . Extremely cytopathic in vitro, FVs have yet to be associated with any disease pathology in their natural hosts. FVs appear to transmit readily via infectious saliva, resulting in infection rates as high as 70 to 90% in some species of nonhuman primates (28) . Despite common evolution and cohabitation with lower primates, FV infection is not endemic in humans. Although an FV referred to as human foamy virus (HFV) was reportedly isolated from cultures of a nasopharnygeal carcinoma taken from a Kenyan patient (1, 12) , the lack of evidence of antibodies to HFV in widespread and diverse human populations and the high degree of sequence relatedness between HFV and the strain of simian foamy virus (SFV) found in chimpanzees has led to suggestions that HFV may not be of human origin (3, 20, 21, 41, 42) . It has recently been reported that humans occupationally exposed to nonhuman primates demonstrate a substantial prevalence (1.8%) of SFV infection, suggesting that SFV is readily zoonotic (19) . Consistent with the lack of widespread FV infection in human populations, there is no evidence of secondary transmission to exposed spouses, suggesting that humans may represent deadend hosts for SFV infection.
Known human retroviruses likely arose from the zoonotic transmission and subsequent adaptation of retroviruses found in Old World primates (10, 14, 17) . The considerable period of time between the identification of each of these human retroviruses and the initial zoonotic events responsible for their establishment in humans, precludes the investigation of the earliest adaptive changes which occur during persistent infection of the new human host. The identification of SFV-infected individuals provides a unique opportunity to examine changes associated with retroviruses after zoonotic transmission from the natural host into humans. Evidence of SFV infection in all four cases reported among occupationally exposed animal handlers included seropositivity and proviral DNA detection by PCR (19) . An SFV-3-like virus was subsequently isolated from one individual who was severely bitten by an African green monkey prior to 1975 and who demonstrated seropositivity since 1995, the earliest time point for which material was available (19) . The derivation of this isolate, designated SFV HU-1 , confirms long-term persistent infection of this individual with a replication-competent SFV. Here, we present evidence suggesting that while the long terminal repeat (LTR) and the orf-1 accessory gene of SFV-3 demonstrate significant sequence stability upon cross-species infection, the orf-2/bet gene does not appear to be required for the establishment of a persistent infection in this individual.
The FV genome codes for Gag, Pol, and Env structural proteins and for two or three accessory genes located between env and the 3Ј LTR (13, 32, 33) . Unique among retroviruses is the presence of an internal promoter located within the 3Ј end of the env gene which functions to independently drive the expression of the accessory open reading frames (ORFs) (7, 22, 23) . The 5Ј proximal FV accessory gene (orf-1) codes for the FV Tas (or Bel-1) transactivator protein which functions to facilitate FV transcription through cis-acting response elements found in both the LTR U3 region as well as the internal promoter (13, 29, (31) (32) (33) . The function of the second accessory ORF is currently unknown, although a 44-kDa protein believed to be encoded by orf-2 has been identified in cells infected with HFV (15) . Alternate mRNA splicing results in a third HFV accessory protein generated by the fusion of the N-terminal 88 amino acids of orf-1 with the complete orf-2. The resulting fusion protein of approximately 60 kDa, referred to as Bet, is expressed at high levels within infected cells (4, 13, 39) . Deletion analysis has revealed that only orf-1 is mandatory for replication competence (34) . The deletion of orf-2/bet, although permissive for viral replication, reduces virus replication in vitro (4, 46, 47) . While it has been speculated that orf-2/bet may be required for viral replication in vivo, animal studies involving deletion mutant viruses have not been reported to date. Bet protein secreted from cells persistently infected with HFV can subsequently be taken up by uninfected cells, while cells which stably express Bet are resistant to FVinduced lysis, suggesting that Bet may behave as a virokine by impairing viral infection (16, 35) . Bet expression in the absence of structural gene expression has been associated with persistent HFV infection, while HFV mutant viruses, which lack an intact Bet gene, are apparently unable to establish chronic infections in vitro (16, 35, 37) . Together these results imply a role for Bet in the establishment and control of viral persistence.
SFV endemic to different species of simians demonstrate the greatest level of genome sequence diversity within the U3 region of the LTR and 3Ј ORFs (13) . To examine if persistent human SFV infection and the apparent lack of secondary transmission are associated with genetic adaptations in FV regulatory regions, we conducted sequence analysis of the LTR, internal promoter, orf-1, and orf-2 of SFV HU-1 . The complete nucleotide sequence for SFV-3 has previously been published, enabling comparisons to be made with this zoonotic form of SFV-3 (30) . The SFV HU-1 template DNA used for sequence analysis was derived from infected Cf2Th canine thymocyte cultures. Infected cells were lysed in 10 mM TrisHCl (pH 8.3), 0.05% Triton X-100, and 100 g of proteinase K/ml by incubation at 56°C for 1 h. Twenty microliters of infected Cf2Th lysate was used in a 100-l PCR volume containing 2 mM MgCl 2 , 200 mM dinucleoside triphosphates, 1 U of Taq polymerase, and 100 ng each of oligonucleotide primer. PCR was performed in a Perkin-Elmer thermocycler 9600. Reaction conditions include an initial denaturization step at 94°C for 2 min, followed by 35 cycles with incubations at 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min, with a final incubation at 72°C for 5 min.
Primers were synthesized based on SFV-3 sequence to amplify the LTR, envelope, orf-1, and orf-2 regions of SFV HU-1 ( Fig. 1) . A series of overlapping amplicons were generated and sequenced with the following primer pairs: SLF2/SLR4, SLF3/ SLR5, SLF2/SLR1, SLF2/SLR5, SLF3/SLR1, SLF5/SLR3, SEF2/SER1, SEF4/SBR1, SEF3/SER2, SEF4/SBR1, SBF1/ SBR2, SBF2/SBR3, SBF2/SLR3, and SBF2/SLR4. The PCR fragments were either sequenced directly or cloned into the pGEM T easy vector from Promega (Madison, Wis.). At least two independent clones and/or amplicons were sequenced in each region. Sequencing was performed using either ABI Prism Dye Terminator or the Big Dye Terminator Cycle Sequencing Ready Reaction Kit as specified by the manufacturer (PE Applied Biosystems, Foster City, Calif.). An additional sequencing primer, SB5F3, 5Ј GGATCTATTGGTCATTG TGC 3Ј (nucleotides [nt] 11179 to 11198), was used for sequencing orf-2. The GenBank accession numbers of other FVs used for comparison and analysis include: SFV-3 (M74895), SFV-1 (M33561), HFV (Y07725), and SFVcpz (U04327). Sequence analysis was performed with the Wisconsin Package, version 9.1, (Genetics Computer Group, Madison, Wis.).
SFV-3 has two accessory genes located between env and the 3Ј LTR, similar to what has been reported for SFV-1 and differing from the three accessory ORFs described for HFV (30, 44) . The first accessory ORF of SFV-3 encodes a 298-amino-acid protein which has been shown to function as the viral transactivator (26, 29, 31) . Amino acid identity between SFV-3 orf-1 and the equivalent tas gene of SFV-1 and HFV is 52 and 38%, respectively. Sequence homologies between the transactivators of SFV HU-1 and SFV-3 are 83% identical at the nucleic acid level and 81% identical at the amino acid level (Fig. 2) . The ratio of synonymous to nonsynonymous mutations between orf-1 of SFV HU-1 and that of SFV-3 is 0.2, suggesting that this region has most likely been placed under negative selective pressures to remain unchanged after zoonosis. Together, these data suggest that zoonosis and persistent human infection do not require or result in significant changes within the viral transactivator.
The SFV-3 orf-1 transactivator mediates viral transcription through response elements located within the internal promoter and U3 region of the LTR (31) . The LTRs of FV tend to be large, ranging in length from 1,600 to 1,700 bp (13) . SFVs endemic to different species of simians demonstrate a high degree of sequence conservation within the R and U5 regions of the LTR, while sequence divergence tends to be predominate within the U3 region (13) . Moreover, the U3 region of HFV is particularly prone to deletion mutations during both in vitro as well as in vivo replication, suggesting that deletions within this region of the LTR may be associated with viral persistence during chronic HFV infection (8, 40) . SFV HU-1 maintains a high degree of identity to SFV-3 in both the LTR and internal promoters (Fig. 2) . At 92% identity, the LTRs of SFV HU-1 and SFV-3 are more similar than what has been reported for two independent African green monkey SFV isolates (6), implying that this cross-species infection into a human does not require significant changes within the LTR.
While the U3 region of the SFV-3 LTR is reportedly devoid of consensus sequence motifs for known cellular transcription factors (31), the LTR of HFV contains several Jun/Fos binding AP-1 sites as well as two Ets-1 sites located at bases 325 to 431 and bases 364 to 369. These Ets-1 sites bind a class of lymphocyte-specific transcription factors believed to confer a lymphotropic character on the promoter of HFV (40) . Deletion of these sites in HFV results in diminished tissue culture kinetics in the H9 human T-cell line (40) . Reanalysis of the published SFV-3 LTR sequence identifies the conservation of these Ets-1 sites at roughly the same location in the U3 of SFV-3, as well as an additional third Ets-1 site at bases 963 to 968. Point mutations in SFV HU-1 have abolished the first Ets-1 site, and a 13-bp deletion corresponding to bases 397 to 409 of SFV-3 has resulted in the loss of the second Ets-1 site in the U3 of SFV HU-1 (Fig. 2) . The third putative Ets-1 site persists.
SFV-3 orf-2 is predicted to code for a protein of 388 amino acids, with 54% amino acid identity to orf-2 of SFV-1 and 38% identity to the analogous gene product in HFV. Overall, this region of SFV HU-1 shows close nucleic acid identity to that of SFV-3 (80%), supporting the proposed SFV-3 origin of the SFV HU-1 isolate (Fig. 2) . However, orf-2 of SFV HU-1 has a number of deleterious mutations predicted to result in a loss of the ability of orf-2 to code for a functional protein. An ATG to ACA mutation in the predicted start codon is expected to result in a loss of the normal start of translation for SFV HU-1 orf-2. However, even in the absence of these mutations, a 5-base insertion at position 11063 and the resulting frameshift mutation, coupled with downstream mutations, results in the generation of a premature stop codon at position 183 (Fig. 3) .
Based on the SFV HU-1 sequence, two sets of nested primers were designed to amplify selected regions of orf-2 present in the peripheral blood mononuclear cells (PBMCs) from the infected individual. Nested PCR was performed with 5 l of the primary reaction mixture used in a 100-l reaction mixture as described above. Primer pairs 51F1/51R1 and 51F2/51R2 amplified a region encompassing the start of orf-2. Primer pairs 52F1/52R1 and 52F2/52R2 amplified the section of orf-2 containing the deletion described above. The nested primers were used to sequence the PCR fragments generated. Primer sequences are given in the legend of Fig. 3 .
All the mutations identified in the orf-2 region of SFV HU-1 were confirmed in PBMCs from the infected individual, with the exception that the 5-bp insertion in SFV HU-1 is represented by a 4-bp insertion at the same site, resulting in the generation of a translational stop codon at position 191. These data were generated by eight independent sequencing reactions performed on two separate PCRs using PBMCs from different time points. The identification of similar mutations within SFV HU-1 isolated from this individual suggests that they are associated with a replication-competent virus rather than a defective form of FV. At this time it is unclear if the 1-bp difference in insertion size is indicative of the chance isolation of a minor quasispecies in the infected individual or if the additional single base insertion was acquired during isolation or tissue culture passaging of the virus. Since PBMCs were the only tissue available for analysis, it is not possible to preclude the existence of a viral species with a functional orf-2 in other tissues.
Proteins analogous to Bet have been described for SFV-3 (24). Mutation in orf-2 of SFV HU-1 is predicted to result in the truncation of the entire orf-2 portion of the SFV HU-1 Bet protein because of the generation of a stop codon. Definitive analysis of the translational pattern of the accessory genes of SFV HU-1 awaits the development of specific immunologic reagents. With the material available, it is not possible to determine whether these changes are required for, or result from, human infection by SFV. However, they do indicate that human infection with FV can occur in the absence of a complete complement of accessory genes. These regions are being examined in additional SFV-infected individuals to further elucidate the role of SFV accessory genes in zoonosis and persistent infection.
To characterize the cellular reservoirs for persistent FV infection within the PBMCs of this individual, monocyte, B-cell, CD4 T-cell, and CD8 T-cell subsets were positively selected by using immunomagnetic beads directly conjugated with antibodies to CD19, CD14, CD4, and CD8 (Dynal). Prior to selection, PBMCs were stained with fluorescent-tagged antibod- ies and analyzed by FACScan Cell Quest software (BectonDickinson) to determine the percentage of cells in the total population. Approximate cell numbers were calculated based on the percentage of cells and the total cell count. Directly conjugated immunomagnetic beads were used in 10-fold excess of the approximate cell count to positively select each PBMC subset. Void volume from the positive selection was retained for the positive selection of the next subset. PBMCs bound to immunomagnetic beads were washed once with phosphatebuffered saline containing 1% fetal bovine serum and lysed for PCR at a concentration of 6 ϫ 10 6 cells per ml. This process was repeated until each specific subset was selected, beginning with CD19 selection, followed by CD14 selection, CD4 selection, and finally CD8 selection. After each positive selection, approximately 2 ϫ 10 5 cells from the void volume were stained with fluorescent-tagged antibodies directed against the population previously selected to confirm depletion of the population. Samples were stored at Ϫ70°C for PCR analysis of SFV proviral pol sequences as described elsewhere (2, 19) . PCR analysis revealed the presence of SFV proviral pol gene sequences in both monocytes and B cells from the infected individual, with the absence of SFV in both CD4 ϩ and CD8 ϩ T lymphocytes (Fig. 4A) . Analysis of human beta-globulin gene sequences ensured that for each cellular subset, amplifiable DNA was present and intact (Fig. 4B) . These results differ from what has been reported in other studies, where positive selection on different aliquots of PBMCs identified CD8 ϩ lymphocytes as the major cellular reservoir for FV in African green monkeys, chimpanzees, and two human infections (43) . While FV was found exclusively in the CD8 cells of infected humans, differential infection of B cells, monocytes, and polymorphonuclear leukocytes was reported for infected monkeys, suggesting that other cell types may be permissive to SFV infection in vivo. SFV HU-1 differs from SFV-3 in that it cannot grow in the SupT.1 human T-cell line (data not shown). The small changes in the LTR may be responsible for the lack of SFV HU-1 infection of T cells in vitro and in vivo. Transfection experiments using LTR/reporter gene constructs may be necessary to confirm this.
The demonstration of persistent human infection by SFV in the absence of an intact orf-2/bet has implications for the proposed use of FVs as viral vectors for gene therapy and novel recombinant vaccine applications (5, 9, 18, 27, 45) . The dispensability of orf-2/bet for HFV replication in vitro has led to the development of several replication-competent FV vector systems in which the orf-2/bet region is replaced with foreign DNA (38) . To date, the in vivo growth characteristics of these vectors have not been reported. Our data suggest that replication-competent FV vectors lacking an intact orf-2/bet may be capable of establishing long-term infections in humans. Recently, a number of retrovirus vectors based on HIV-1 have been reported in the literature, although vector stability and safety have remained a concern (11) . In addition to the lack of disease in and secondary transmission from people infected with SFV, the apparent long-term stability of regulatory elements during persistent human infection would also be advantageous for vector applications based on SFV.
Nucleotide sequence accession number. The GenBank accession number for the SFV HU-1 sequences is AF18200.
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